INTRODUCTION
Commercially available silica-fiber-based and ultra-broadband supercontinuum (SC) sources are typically generated by pumping close to the zero-dispersion wavelength (ZDW) of a photonic crystal fiber (PCF), using high-power picosecond or nanosecond laser pulses [1] [2] [3] . Despite the extremely broad bandwidths, such sources are characterized by large intensity fluctuations [2] [3] [4] , limiting their performance for applications in imaging such as optical coherence tomography (OCT). An approach to eliminate the influence of noise sensitive effects is to use a so-called all-normal dispersion (ANDi) fiber, in which the dispersion is normal for all the wavelengths of interest. Pumping these types of fibers with short enough femtosecond pulses allows to suppress stimulated Raman scattering (SRS) [5] , which is known to be as noisy process as modulation instability (MI) [6] , and coherent SC is generated through self-phase modulation (SPM) and optical wave breaking (OWB) [7, 8] .
In this study, we show the importance of the pump laser and fiber parameters in the design of low-noise ANDi based SC sources, for application in OCT. We numerically investigate the pulse-to-pulse fluctuations of the SC, calculating the relative intensity noise (RIN) as a function of the pump pulse duration and fiber length. Furthermore, we experimentally demonstrate the role of the fiber length on the RIN of the ANDi SC, validating the results calculated numerically. In the end, we compare the RIN of a commercial SC source based on MI and the ANDi SC source developed here, which shows better noise performance when it is carefully designed.
NUMERICAL RESULTS
The generalized Schrödinger equation (GNLSE) is solved with Matlab in order to investigate the noise performance of the SC generated in a commercially available ANDi fiber (NL-1050-NEG-1) from NKT Photonics [7] . Figure 1 (a) shows the dispersion profile and confinement loss (silica loss is also added) calculated using COMSOL Multiphysics for the fiber parameters pitch Λ = 1.44 μm and relative hole size /Λ = 0.37. In the simulations, the input field envelope is assumed to be hyperbolic secant with peak power 44 kW. The input noise from quantum fluctuations is added by using the one-photon-per-mode model [1, 4] . An ensemble of 20 simulations with different input noise seeds is calculated along 1 m of fiber length for each pulse duration. The RIN is defined as the ratio of the standard deviation to the mean
where ̃( ) is the field envelope of the SC. The RIN is subsequently spectrally averaged to obtain one value of the RIN at each fiber length. The spectrally averaged RIN is calculated as [1, 4] 
The angle brackets indicate ensemble average over all combinations of 20 independent SC generated with different noise seeds. The values of the RIN are between 0 (low noise) and 100% (high noise). Figure 1 shows the evolution of the RIN for input pulses with full width at half maximum (FWHM) from 50 fs to 3 ps over 1 m of fiber. In contrast to [5] intensity fluctuations are investigated instead of phase fluctuations, although there is a correlation between both. The supercontinua generated with input pulses up to around 1 ps present low RIN, indicating that SRS is effectively suppressed [5] over 1 m, which results in low pulse-to-pulse fluctuations. The suppression of the SRS gain is due to the nonlinear coupling between four-wave mixing (FWM) and SRS at high peak powers, as it was recently demonstrated by Heidt et al [5] . However, noisier SC is expected for extensively long fiber lengths even for short pump pulses due to the negative effect of SRS. On the other hand, using long enough pump pulses can bring SRS noise before OWB settles, and thus earlier than the completely development of the SC, resulting in a SC seeded by SRS noise. For instance, pumping with 3 ps results in high intensity fluctuations before OWB occurs as shown in Fig.1 . Fig. 1 (b) ). Mean (red) and 20 shots (grey) spectra are shown for both fiber lengths. 
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Therefore, careful must be taken in order to design a low-noise and coherent ANDi SC, since the phase and intensity fluctuations show up earlier in the fiber for sufficiently long pump pulses as SC is seeded by SRS noise. Moreover, even using short femtosecond pump pulses, the RIN can be high for extensively long fiber lengths, since the noise from SRS can still be generated along the fiber length as shown in Fig. 1 . Figure 2 shows the SC spectra and calculated RIN for 800 fs input pulses at two different positions in the fiber. After 0.5 m, the SC has developed to its maximum bandwidth as the fiber length is longer than the OWB distance, which is around 0.18 m for the conditions in the simulation. The SC is totally coherent and the intensity fluctuations, assessed with the RIN, are negligible. However, when the SC is obtained after 1 m of fiber, the SC extension is the same but in this case there are intensity fluctuations in the long wavelength side and around 950 nm. The intensity fluctuations due to SRS are noticed in the spectrum and in the calculated RIN. The SC is expected to undergo stronger intensity fluctuations if the pulses are propagated more along the fiber as seen in Fig. 1 . This increase in the RIN with the propagation distance is further investigated and confirmed in the experimentally in the following section. Fig. 1 (b) and Fig. 2 , longer fiber lengths result in higher RIN for the same input pulse duration. This behavior is experimentally studied in this section. Figure 3 shows the experimental setup to measure the SC and intensity fluctuations of an ANDi based SC. A picosecond mode-locked laser with center wavelength 1036 nm and repetition rate 78 MHz is compressed to femtosecond pulses. The autocorrelation of the compressed pulses is measured with an intensity autocorrelator (Femtochrome FR-103HP) giving 225 fs FWHM. This femtosecond laser is used to generate SC in the ANDi fiber ( Fig. 1 (a) ) with 0.8 W pump average power. The SC spectrum is recorded with an optical spectrum analyzer (ANDO AQ6317B). The intensity fluctuations are assessed in the following way. The SC is spectrally filtered every 50 nm [9] with 10 nm bandwidth bandpass filters from Thorlabs. The time series of the power through the filters is detected with two fiber-coupled photodiodes (DET08CFC -800 to 1700 nm (InGaAs), 5 GHz; and DET025AFC -400 to 1100 nm, 2 GHz), and then recorded with a fast oscilloscope [10] (Teledyne LeCroy -HDO9404 -10 bits resolution, 40 Gs/s, and 4 GHz). The RIN value at each wavelength is obtained by measuring the maximum voltage of each pulse in the time series, subtracting the noise floor, and then calculating the ratio between standard deviation and mean. Time series of 16000 pulses were taken to do the calculations. shows the spectra recorded and RIN measurements of the SC generated with two different fiber lengths, 0.5 m and 9 m, respectively. When a short fiber length is used, the RIN is generally low across the spectrum and thus low noise SC can be achieved with the input power and pulse duration (255 fs) used in the experiment. On the other hand, when the SC is generated with a longer fiber, in this case 9 m, the RIN increases beyond 950 nm, as shown in Fig.  4 (b) . The longer the fiber length, the larger the intensity fluctuations in the SC spectrum due to a stronger contribution of SRS. From the simulations in Fig. 1 , noise is expected to be even higher when SC is generated with longer input pulses for the same fiber length. The noise performance of our SC source (Fig. 4 ) is compared to a commercial SC source based on MI in order to evaluate the advantage of using ANDi based SC for applications where low intensity fluctuations are required. The commercial source uses high-power picosecond pulses to pump a PCF in the anomalous dispersion region, close to the ZDW, and thus the SC is initiated by MI followed but soliton collisions and red-shift. Figure 4 (c) shows that the RIN of the MI based SC source is always higher than the ANDi based SC generated with a short fiber length. The improvement is more pronounced at longer wavelengths, where MI based SC sources are known to be noisier [2] [3] [4] . However, longer ANDi fiber lengths can produce a SC with higher intensity fluctuations than commercial sources, as seen in Fig. 4 (c) . We can also see that no conclusion can be drawn in terms of noise from the flatness of the SC spectrum generated with 9 m since it is only due to averaging of the spectrum analyzer. Therefore, SC using ANDi fiber must be designed carefully to avoid SRS noise originated from long fiber lengths. The maximum fiber length that can be used to generate SC without excess noise is given by the coherence length introduced by Heidt et al, which depends on fiber parameters, pump power and pulse length [5] . 
EXPERIMENTAL RESULTS
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CONCLUSIONS
In conclusion, we have investigated the effect of the input pulse duration and fiber length on the relative intensity noise of the SC generated with a commercially available ANDi fiber. According to the simulations, short input pulses and fiber lengths lead in general to a SC with low intensity fluctuations since the nonlinear phenomena involved are coherent. We have also shown that SC becomes noisy using excessively long fiber lengths due to SRS, as demonstrated by Heidt et al [5] . The effect of the fiber length on the SC noise was further investigated experimentally, where ANDi SC was generated with two fiber lengths. For short fiber lengths, the ANDi SC has lower intensity fluctuations than a commercial SC source based on MI. However, higher noise in the ANDi SC than MI based SC was measured when generated in a long fiber. Consequently, the choice of the pump source and ANDi fiber is crucial to achieve a good noise performance with these sources. When properly design, ANDi SC sources can be a promising candidate as a light source for optical coherence tomography since they can offer a broad bandwidth together with low intensity fluctuations.
